The effects of inbreeding on growth traits have been studied and are fairly well understood in young conifers. However, in trees approaching mid-rotation, this information is not widely available at present. & Aim The aim of this study is to assess inbreeding depression in mid-rotation coastal Douglas-fir in growth traits, survival, and wood density. & Methods Several levels of inbreeding were created in coastal Douglas-fir, using a nine-clone founder population to produce 148 families with varying levels of inbreeding ranging from f=0 (outcrossed) to f=0.5 (selfed). The trees were planted in 1987 on two farm-field sites in coastal BC. Here, we report effects of inbreeding in height, diameter, tree volume, survival, and wood density in 26-year-old trees. & Results Previous results obtained from this test population showed negative near linear effects with levels of inbreeding in seed production, nursery growth performance, and growth traits in the field assessed at age 10. At age 26, inbreeding depression was highest in survival, ranging from 20 to 80 % for f=0.125 and f=0.5, respectively. In contrast, the most severe inbreeding depression among the three levels of inbreeding was only 4 % for wood density at f=0.5 (selfing). Inbreeding depression in height, diameter at breast height (dbh), and volume increased linearly from f=0 to f=0.25, then leveled off. & Conclusion Founder genotypes had varied responses to inbreeding as parental breeding values across inbreeding levels were inconsistent (in magnitude, sign, and trait). No differences in levels of inbreeding depression were found between full-sib matings and parent-offspring matings. These findings have implications for the testing of parents within sublines, where inbreeding is accumulated in sublines. However, since parents respond differently to levels of inbreeding, their performance may not be well correlated to their quality as outcrossing parents.
Introduction
Most conifers have a mixed mating system with outcrossing facilitated by wind pollination as the predominant mating type. Selfing and mating among relatives are possible as there are no complete zygotic incompatibilities against these mating types. The presence of embryonic lethals in their homozygous state reduces the effective selfing rate, but this preventative measure is not infallible and selfed progeny can establish through natural regeneration. Several studies have shown the deleterious effects of selfing on seedling vigor, seed set, and survival (Sorensen 1999; Woods and Heaman 1989; Wang et al. 2004 ). The severity of inbreeding is commonly expressed as inbreeding depression (ID), which is the relative difference in performance of inbred to outcrossed progeny. Matings producing lower levels of inbreeding (sib and/or parentoffspring matings) generally result in less severe ID. Growth performance (height, diameter, and volume per tree) and survival are traits most affected by inbreeding, while wood property traits show much less ID. The precise genetic basis of ID in conifers has not been elucidated yet (Williams and Savolainen 1996) , but the most likely explanation is partial dominance of deleterious recessive alleles due to increased levels of homozygosity caused by inbreeding (Charlesworth and Charlesworth 1987) . However, it is becoming clear that the mutated recessive alleles (deleterious mutations) are maintained in the population at low frequencies despite constantly being selected against (mutation-selection balance) (Charlesworth and Willis 2009) . Recently, an epigenetic effect, mediated through increased DNA methylation in inbred plants of the perennial Scabiosa columbaria, has been implicated (Vergeer et al. 2012) .
In coastal Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), the early inbreeding studies of Orr-Ewing (1954 , 1957 showed ID in the seed set of cone-bearing trees and height growth of trees that were dwarves and never produced any strobili (Orr-Ewing 1976) . Our knowledge of inbreeding effects has been greatly advanced by Sorensen's work with Douglas-fir (and other conifers), showing that growth and survival had high ID, upwards of 80 %. More recently, Woods et al. (2004) showed that growth reduction was nearly linear with the level of inbreeding. A reduction of roughly 10 % in growth was observed for every 0.1 increase in f (inbreeding coefficient). A large range in the response to inbreeding of individual trees has been observed (Sorensen and Miles 1974, 1982) .
While it is well established that growth traits and survival suffer the most from inbreeding, wood characteristics exhibit much less ID. It is assumed that the genetic load (as recessive lethals or deleterious homozygotes) for those non-fitness traits is much lower. The work in Pinus radiata and Pinus taeda clearly demonstrates that wood density is not affected by inbreeding (Wu et al. 2002; Ford 2012) .
In this paper, we are specifically interested in inbreeding depression in growth traits, survival, and wood density as test trees approach mid-rotation using an experiment established by Woods and Heaman (1989) . We know that Douglas-fir is sensitive to inbreeding and as a result can suffer from dwarfism and a lack of gamete production (Orr-Ewing 1974 , 1976 . We therefore, hypothesize that inbreeding depression continues to purge inbred genotypes as competition becomes more intense as the test plantations develop to maturity.
Materials and methods

Seedling propagation and plantation establishment
A nine-parent founder population of unrelated coastal Douglasfir trees was used in a 5×4 factorial to create 20 non-inbred (outcrossed) families, 66 families resulting from half-sib matings, 36 families resulting from full-sib crosses, 17 parent-offspring families, and nine families resulting from selfing, representing inbreeding levels of f=0.0, 0.125, 0.25, and 0.5, respectively. Controlled sib matings (including parent-offspring matings) were made in a full-sib progeny test where the original nine founders were parents. Details of the matings can be found in Woods and Heaman (1989) . Seedlings were raised in 1987 in 415A styroblocks having 80 cavities (130 cm 3 cavity volume, 15-cm depth) at Cowichan Lake Research Station under standard growing conditions for commercially grown and planted coastal Douglas-fir. After lifting in the fall, all seedlings were subjected to standard culling procedures and only seedlings passing the culling standards were subsequently planted. Due to higher culling rates of seedlings with higher levels of inbreeding (Table 1) , this likely resulted in a stronger selection against poor growth in families with higher f values. The intent, however, was to plant and assess only seedlings that would not be culled from nursery stock under normal operational conditions (Woods et al. 2002) .
Seedlings were planted in May 1988 on two farm-field sites in coastal British Columbia (North Arm (48°49′ N, 124°20′ W) and Langley (49°06′ N, 122°38′ W)). Each site was set up as a one-way randomized complete block design (with subsampling) with family (all 148) as the experimental factor. Specifically, seedlings were planted in single-tree plots in four interlocking subsamples within eight complete blocks (Wang et al. 2004 ). Thus, each family was represented by 32 seedlings per site. Seedlings were planted at 1.0×1.0 m spacing at Cowichan and at 1.5×1.0 m at Langley.
Measurements and data analysis
Total heights were measured at age 2, 6, 10, and 26 years from seed. Diameter at the root collar was measured at age six and at breast height (dbh) at ages 10 and 26. For the age 26 measurements, trees in only four randomly chosen blocks per site were measured. Volume was calculated as follows:Vol m et al. 1987 ). In addition, on trees with a dbh of >4.6 cm, a 1-cm increment core from bark to bark was taken at 1.3 m (in a north-south direction). Increment cores were used to determine wood density according to Smith (1954) . Survival was calculated as a percentage of trees living over the number of trees planted. Inbreeding depression (ID) for each variable was calculated as the percentage deviation from outcross means for each level of inbreeding (Burdon and Russell 1998) :
where I and O are the means for the various inbred and outcross groups.
To calculate genetic variation in individual tree height, dbh, and calculated volume at a given year, observations were modeled using a linear mixed-effects family model:
where y is the n Â 1 dependent variable vector (e.g., height, dbh, volume, etc.), with n ≅4; 736 trees, e is the n Â 1 vector of residual errors (represented by individual trees), X n × 5 and Z n × 1,636 are simple design matrices for the fixed and random effects consisting of 1s and 0s. b′=[b 1 | b 2 ] describes the two fixed effects:
Random effects are assumed to be mutually independent and normally distributed with mean 0 and the following basic covariance structure (Costa e Silva et al. 2001) :
, where Wood density and height have a known negative genetic correlation in Douglas-fir (Ukrainetz et al. 2008; El-Kassaby et al. 2011 ). Therefore we had to first determine if inbreeding directly causes differences in wood density or indirectly through a reduction in height growth. If regression lines between wd and height for each level of f are parallel, then, wood density does not need to be adjusted for differences in height growth. To check, we added covariates height and inbreeding level×height to model (1). A non-significant height×in-breeding interaction indicates that the linear relationship between wood density and height is parallel among levels of inbreeding, and wood density means can be compared directly via ANOVA according to the original model (1).
Significance testing of the variance component for the family site interaction σ 2 s f for each trait was done as outlined by Dutkowski et al. (2002) , using the likelihood ratio test (LRT) by differencing twice the fitted residual log likelihoods with and without the interaction term. The test statistics were compared with a 50:50 mixture of chi-square distributions with 3 and 4°of freedom (Verbeke and Mohlenbergs 2000) .
To estimate breeding values (bv) for founder parents for the various inbreeding levels, an individual tree model was fitted separately to data from each level of f (with the exception of f=0.5 as the number of surviving trees was too low). It is similar to model (1) but without the fixed inbreeding level effect, the addition of an additive genetic effect for the individual seedlings, and a more complex covariance structure for G. In particular, b ' =[μ s 1 ] describes the fixed effect for site, u ′=[u 1 | u 2 | u 3 | u 4 | u 5 ] describes the five random effects: (family) where m denotes the number of families for that particular level of f (e.g., m=20 outcrossed families), a Seedlings prior to planting were culled according to culling standard 2 (minimum/maximum height 15/30 cm and 3/3.5 mm diameter) resulting of all planted seedlings to be of similar size (Woods et al. 2002) of site×family),
nested in site × family), and
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and R=σ 2 ⋅I 64m×64m . In the above, A is a numerator relationship matrix that models the genetic covariance among relatives, σ a 2 is the additive genetic variance, and ρ is the correlation of the additive genetic variance between the two sites (i.e., G×E interaction). Incorporating the relationship matrix allows for the estimation of breeding values for individual trees and parents (Dutkowski et al. 2002) . ⊗ is the Kronecker product between two matrices.
Best linear unbiased predictions (BLUPs) of parental breeding values were evaluated, and the correlation between the predicted and true breeding value for parent (or individual) i was estimated as:
where PEV i ¼ varû 5i −u 5i ð Þ is the prediction error variance (i.e., mean square prediction error) andσ 2 a is the estimated additive genetic variance (Mrode 2005) .
For all mixed models (with the exception of the model for seedling survival), unknown parameters were estimated using restricted maximum likelihood (REML) using version 2 of ASReml software (Gilmour et al. 2006) . Penalized quasilikelihood (PQL) was used to estimate parameters for the survival model based on binomial distribution with a logit link function.
Results
Survival at age 26 years from the seed stage was most severely affected by levels of inbreeding on both sites (Table 1) , ranging from a high of 95 % at North Arm for outcrossed trees to 10 % for selfed trees at Langley. Combined over the two sites, the relationship between inbreeding and survival was linear (Fig. 1) . Inbreeding depression in height, diameter, and tree volume at age 26 rose between half-sibs (f=0.125) and fullsibs and parent-offspring trees (f=0.25), then leveled off somewhat for selfed trees (Fig. 1) . This is in contrast with the linear inbreeding depression observed for survival.
The analysis of covariance with height as the covariate for wood density indicated no significant interaction between height and inbreeding, suggesting the regression lines are parallel and no adjustments needed to be made for the analysis of wood density (Fig. 2, ANCOVA not shown) . Wood density experienced the least inbreeding depression of all traits, averaging only 3.5 % inbreeding depression for selfs across both test sites (Fig. 1, Table 1) . The values obtained for wood density are close to those measured in offspring of parents of the same breeding population (Stoehr et al. 2009 ).
Genetic variation, expressed as family within inbreeding level, for height and diameter increased with tree age, accounting for 3.1 and 5.9 % of the total variation in height at age 10 and 26, respectively and between 0.7 and 6.2 % for diameter. However, wood density at age 26 exhibited the greatest genetic variation with 19.9 % ( Table 2) . Interactions of site× family within inbreeding levels were significant for all growth traits, but not for wood density (Table 2) . On the two sites, individually, this trend holds as family variation in height increased from age 10 to 26 from 4.5 to 6.6 % and from 5.3 to 10.8 % at Langley and North Arm, respectively (data not shown).
Temporal variation in inbreeding depression is shown in Fig. 3 . Initially, inbreeding depression rose in height and diameter for all inbreeding levels up to age 10 and then leveled off (Fig. 3a, b) . The pattern for dbh is similar as the one observed for P. radiata by Wu et al. (1998b) , who observed a sigmoid growth curve for dbh cross-sectional area, starting at age 4 and beginning to level off by age 8. In contrast, inbreeding depression for survival at the lower levels of inbreeding was low up to age 10 and then increased substantially. For selfed trees, inbreeding depression followed a linear pattern to age 26. It appears that tree-to-tree competition in the closely spaced test plantations was the driving force for this response as ID in this trait severely increases over time, although the rate of inbreeding depression was more or less constant between age 6 and 26 (Fig. 3c) .
To evaluate the response of the founder parents to various levels of inbreeding, breeding values for each level of f was calculated (except for f=0.5 as only a few selfed trees had survived) using an individual tree model. Several founders performed well for height growth at ages 10 and 26 under all levels of inbreeding, such as clones 408 and 623 (Table 3) , while parent 193 performed better with inbreeding at both ages (parent 499 performed better only at age 26). Two parents (62, 499) had positive BLUPs for wood density at all levels of inbreeding, while seedlings of parent 28 performed better for this trait at f=0.125 and f=0.25 in comparison to outcrossed seedlings derived from this parent. Correlations of BLUPs between the various levels of inbreeding for height and wood density are shown in Table 4 . In all traits, the correlations between f=0 and f=0.25 were higher than between f=0 and f= Differences in performance between full-sib and parentoffspring matings, both having an inbreeding coefficient of f= 0.25, were generally small and non-significant for growth traits and wood density (Table 5) .
Discussion
Inbreeding effects for growth traits continue to increase and are highly significant at age 26. Age is also associated with an increase in genetic variation, expressed as variation due to families within inbreeding levels, while family by site interaction remains relatively stable over time (Table 2 ). Survival shows the highest level of inbreeding depression of all traits assessed, with selfing causing the highest mortality and halfsib matings the least. Intuitively, one would expect that survival suffers the most from ID as it is the ultimate expression of fitness, yet Matheson et al. (1995) with slash pine (Pinus elliottii) found very little evidence of ID in survival. However, given their different experimental designs (split-plot with cross types as main plots and family subplots), competition effects may have been drastically different in comparison to the ones in our tests.
In our study, tests were established at close stand spacing levels of 1.0×1.0 m and 1.5×1.0 m to allow the examination of the effects of inter-tree (or stand) competition vs. inbreeding and their interaction at a relatively young age. While this close spacing is not used for commercial planting of Douglas-fir, the increased stand density accelerates competition effects allowing them to be evaluated at a younger age and in much smaller plantations relative to using normal commercial intertree spacing of 2.0 to 3.0 m. The high stand density resulted in increasing and substantial crown competition among trees with stand age. In selfed trees, the rate of change in mortality ID from age 5 to 26 was consistent as indicated by the steady increase shown in Fig. 3 . Trees with lower levels of inbreeding (f=0.125 and 0.25) appear to have been affected by crown closure after age 10, as the rate of ID in survival increased, indicating that competition may be partially responsible for the at least some of the observed mortality. Because of this competition, slower growing trees are increasingly unable to compete for light and other resources. It is likely that the higher levels of mortality for more inbred trees is the result of slower average growth rates, causing them to be suppressed and lose vigor due to inter-tree competition. As this study is not replicated at a wide spacing where inter-tree competition would be avoided, it cannot be stated with certainty, however, that higher observed mortality levels for more inbred trees is due to interactions with competition or if these higher levels would occur in the absence of competition. However, there is evidence in our study that ID increases with environmental stress level (Fox and Reed 2010) as survival of selfed trees (and other inbreeding levels) at Langley was lower than at North Arm. At North Arm, survival of outcrossed trees was 95 % while at Langley it was 65 %, suggesting a much more stressful environment.
Wood density showed the least ID of all traits and was statistically not different (at α=0.05) among inbreeding levels. This lack of ID in wood density has also been observed in radiata pine (Wu et al. 2002) . These authors hypothesized that the reason for a lack of ID in wood density could be that it is not a fitness trait that is strongly selected against under normal conditions in a growing stand of trees. However, in another important fitness trait, resistance to the near-fatal needle cast disease Dothistroma in radiata pine, ID was found to be only moderately severe (Kumar 2004) . Other explanations on why wood density is not affected by inbreeding could be the potentially lower number of lethal or deleterious recessive loci and or the lack of genetic correlation between height Table 2 Variance components and proportion of total variation for random effects and levels of significance for fixed effect for traits measured at two ages for families of four levels of inbreeding growing on two sites in southern British Columbia IL level of inbreeding (0, 0.125, 0.25, 0.5), wood density 26 wood density ×1,000 at 26 years of age growth and wood density in radiata pine (Wu et al. 2002) . Negative genetic correlations between height growth and wood density imply that slower growing trees have higher wood density. In our study, we observed a genetic correlation between height at age 26 and wood density of 0.07 (se=0.17) (analysis not shown), which is in contrast to the genetic correlations in outcrossed trees ranging from −0.17 to −0.18 (Ukrainetz et al. 2008; El-Kassaby et al. 2011) . Thus, our expectations were confirmed that only small differences exist between outcrossed and inbred trees in wood density. In all growth traits analyzed (Table 5) , there were no differences among trees arising from parent-offspring matings or full-sib matings using the family model described above (analysis not shown). Survival was analyzed as a binary variate using the "logit" link function in ASReml. Therefore, the type of mating does not influence the outcome, given the same level of inbreeding. Survival showed the largest difference, although this difference was not significant between the two groups with the same f-level (Table 5 ).
There is evidence that severity of ID and genetic load varies among parents with mixed mating systems (Restoux et al. 2012) . In our study, we have observed that different parents show a range of responses to inbreeding, depending on trait and age of assessment. For example, parent 28 had a positive breeding value (bv) for height at age ten as an outcrossed parent, but negative bvs for height at age 26 for all levels of inbreeding and for wood density. Matheson et al. (1995) also observed varied responses in ID for individual families and could trace the differences back to the grandparents of the families. Wu et al. (1998a) suggested that if a tree performs well at all levels of inbreeding due to either a low number of deleterious recessive genes or due to a higher inherent level of genetic homogeneity, then, this tree would be a desired parent in advance generation breeding. In our study, parent 623 is such a genotype (Table 3) and indeed is a strong performing parent in the operational breeding program focusing on commercial growth and wood quality traits.
These varied responses may make progeny test analysis very unreliable when breeding populations are structured into sublines, where levels of inbreeding are accumulated within sublines. Given a certain level of inbreeding in a test family, the estimated bv of a particular parent may be far different from the true bv if the parent is used as an outcross parent. For example, the f-coefficient after two generations of half-sib mating is around 0.22 (Falconer 1989, p. 93) . Given that selections are made at age 10, the breeding value estimated for a parent after two generations of half-sib mating would only explain 25 % of the bv obtained from an outcross progeny test (r=0.5 between f=0 and f=0.25, Table 4 ). Confirmation of the "true" bv of a parent through an outcross test to evaluate general combining ability (GCA) with a common pollen mix (polymix) is therefore warranted. The rationale to initiate this study was to see how inbred seedlings, produced in advance generation seed orchards with some level of co-ancestry among orchard parents, would affect stand timber yields at harvest (Woods and Heaman 1989) . Early nursery performance showed increased seedling culling levels with higher levels of inbreeding levels (Woods et al. 2002) , resulting in lower proportions of inbred trees advancing to field planting. This has the effect of reducing the average level of inbreeding in planted populations relative to inbred levels in the original seedlot (and may have led to an underestimation of ID in our study). Stand growth and yield simulations for seed orchard crops, using growth data from the trials reported here, showed that stand growth and yield in an operational setting are not affected by the relatively low occurrence of inbred seed in seedlots derived from seed orchards (Wang et al. 2004) . This is because in most plantations of Douglas-fir, such as those in coastal British Columbia, planting is generally done at 3 m×3 m spacing (1,111 seedlings per hectare). On moderate site index sites (SI=30, i.e., height of top 100 trees in stand are on average 30 m tall at age 50), only 743 trees are expected to be harvested at age 60 (Di Luca 2013) . Given these stand dynamics and given the high ID in growth, the slower growing inbred trees have a higher probability of being eliminated by inter-tree competition than noninbred trees. The results from this study support the conclusions reached by Wang et al. (2004) .
From the perspective of progeny testing for the evaluation of parental bvs in an advanced generation tree breeding program with sublines to restrict inbreeding to within breeding groups, the estimation of the genetic quality of the parents may be unreliable as we have seen that different parents respond to inbreeding to differing degrees. Therefore, we recommend that breeding values should only be assigned to parents after their outcrossed progeny are assessed via GCA testing using polymix.
